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Introduction {#sec1}
============

In eukaryotic cells, proteins are guided by their targeting sequences into different compartments. Nuclear proteins contain nuclear localization or nuclear export signals that are recognized by transport receptors ([@bib66]). These receptors mediate transport through large channels called nuclear pore complexes (NPCs) ([@bib1], [@bib8]). Although the exact transport mechanism remains unknown ([@bib30], [@bib56]), it has been shown that karyopherins bind highly flexible Phe-Gly (FG) repeats of nucleoporins, which are the building blocks of NPCs ([@bib6], [@bib7], [@bib67]). One-third of all nucleoporins contain multiple intrinsically disordered FG repeat regions that are oriented toward the center of the pore and promote active translocation through weak and transient interactions with the nuclear transport receptors ([@bib33], [@bib41], [@bib47]). On the nuclear side, the guanosine triphosphate (GTP)-bound form of the Ran protein (RanGTP) binds importins and releases the cargo ([@bib27], [@bib53]).

Although most proteins are transported by a single β-karyopherin transport receptor, some require two independent receptors for their transport through the NPC. The import of linker histones requires the formation of a heterodimeric transport complex consisting of two members of importin β family, importin β (Impβ) and importin 7 (Imp7) ([@bib35]). The heterodimeric Imp7:Impβ complex is also required for the import of the ribosomal proteins rpL4 and rpL6 and HIV integrase ([@bib23], [@bib36]), whereas a homodimer of the Crm1 export receptor is required for the export of HIV RNA ([@bib12]). These data imply that dimerization of autonomous transport receptors is required for the transport of highly charged proteins that interact with nucleic acids and are prone to aggregation.

Histones are small basic proteins that pack DNA into nucleosomes, the fundamental structural units of chromatin. Although small enough to diffuse into the nucleus, histones are bound by specific chaperons and are actively imported by karyopherins ([@bib4], [@bib37], [@bib42], [@bib44]). Active transport of histones is required to ensure their rapid and efficient concentration in the nucleus during S phase and is essential for chromatin assembly ([@bib43]). Linker histones bind to linker DNA between two nucleosome core particles and are essential for higher-order chromatin packing, gene expression, and genomic stability ([@bib31], [@bib57], [@bib25]).

The formation of the Imp7:Impβ heterodimer and its interaction with its cargo are poorly understood. To address this, we determined a cryoelectron microscopy (cryo-EM) structure of Imp7:Impβ in a complex with the linker histone H1.0. The structure reveals why two importins are required for H1 import. The H1.0 globular domain is bound by Impβ only, whereas both Impβ and Imp7 bind and chaperone the highly positively charged and disordered C-terminal tail of H1.0. Cross-linking mass spectrometry reveals that H1 C-terminal tail residues come into close proximity with many different importin residues, indicating that the H1 tail remains disordered in the complex. Our data show that the transient electrostatic interactions between the H1.0 tail and importins stabilize the entire complex. Moreover, in the Imp7 C-terminal tail, we observed conserved GGxxF and FxFG motifs, which are commonly found in FG-nucleoporins. We show that these motifs are essential for complex formation and for the import of linker histones, indicating that Imp7 and nucleoporins use the same motif and interface to bind Impβ. Furthermore, we show that FxFG motifs in nucleoporins facilitate RanGTP-dependent complex disassembly when the complex has translocated through the pore. Our data show that the disordered H1 and Imp7 tails are required for formation of the complex shape and structure by rapidly exchanging non-specific interactions with importins.

Results {#sec2}
=======

Cryo-EM Structure of the Imp7:Impβ:H1.0 Complex {#sec2.1}
-----------------------------------------------

To prepare a homogeneous sample, we purified individual components from *E. coli*, reconstituted the Imp7:Impβ:H1.0 complex, and isolated it by size exclusion chromatography ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1C; [@bib34]). The presence of H1.0 in the complex was confirmed by western blot analysis ([Figure S1](#mmc1){ref-type="supplementary-material"}D). We used the random conical tilt reconstruction method ([@bib46]) to generate an initial model of the Imp7:Impβ:H1.0 complex ([Figures S1](#mmc1){ref-type="supplementary-material"}E--S1G). The random conical tilt model was further refined and used as a reference for subsequent structure determination using cryo-EM and single-particle analysis ([Figures S1](#mmc1){ref-type="supplementary-material"}H and S1I). Extensive 3D classification yielded two major classes that were refined to a final resolution of 6.2 Å and 7.5 Å, respectively ([Figures 1](#fig1){ref-type="fig"}A, 1B, [S2](#mmc1){ref-type="supplementary-material"}, [S3](#mmc1){ref-type="supplementary-material"}A, and S3B; [Table 1](#tbl1){ref-type="table"}). In both maps, we could identify a curved density with rod-like features characteristic of the α-helical HEAT repeats as well as the winged helix domain of the linker histone ([Figures 1](#fig1){ref-type="fig"}A and 1B). The first map, refined to 6.2 Å, is larger, and the density contains two importins and histone H1 ([Figure 1](#fig1){ref-type="fig"}A). The smaller second map, at 7.5 Å, appears to have only one importin and histone H1 ([Figure 1](#fig1){ref-type="fig"}B). Because biochemical data ([@bib5]) show that Impβ interacts with the H1 globular domain, we conclude that the smaller structure represents Impβ and the H1 globular domain. This implies that the additional density of the larger structure is Imp7. We have also solved a 9.2 Å structure of Imp7:Impβ:H1.0 that was not cross-linked ([Figure S3](#mmc1){ref-type="supplementary-material"}C). This structure has the same appearance as the cross-linked sample, showing that cross-linking does not affect the complex arrangement. According to the local resolution ([@bib38]), the middle region of the complexes is better resolved than the peripheral regions, confirming the flexible nature of importin molecules ([@bib19], [@bib20]; [Figure S3](#mmc1){ref-type="supplementary-material"}D).Figure 1Structures of Imp7:Impβ:H1.0 and Impβ:H1.0(A) Cryo-EM map of the Imp7:Impβ:H1.0 complex resolved to 6.2 Å. Impβ is shown in yellow, Imp7 in blue, and H1 in red. Contour level, ∼0.04.(B) Cryo-EM map of the Impβ:H1.0 complex resolved to 7.5 Å. Contour level, ∼0.04.(C) Model of the Imp7:Impβ:H1.0 complex.(D) Model of the Impβ:H1.0 complex.(E) Model of Impβ (yellow) and the H1.0 globular domain (red) fitted into the cryo-EM map of Imp7:Impβ:H1.0 (transparent). For clarity, only Impβ is shown, and the Impβ HEAT repeats are numbered. Contour level, ∼0.04.(F and G) Close-up view showing H1.0 (red) in the cradle of Impβ. H1.0 interacts with Impβ HEAT repeat 3 (F) and HEAT repeats 13 and 14 (G). Contour level, ∼0.04.See also [Figures S1--S4](#mmc1){ref-type="supplementary-material"}.Table 1Cryo-EM Data Collection, Refinement, and Validation Statistics\#1 Imp7:Impβ:H1.0 (EMDB-0366) (PDB: [6N88](pdb:6N88){#intref0095})\#2 Impβ:H1.0 (EMDB-0367) (PDB: [6N89](pdb:6N89){#intref0100})\#3 Imp7:Impβ (EMDB-0368)**Data Collection and Processing**Magnification78,00078,00078,000Voltage (kV)300300300Electron exposure (e--/Å^2^)808080Defocus range (μm)−1 to −4−1 to −4−1 to −4Pixel size (Å)1.361.361.36Symmetry imposednononoInitial particle images (no.)415,000415,000415,000Final particle images (no.)18 90015 8007 600Map resolution (Å) Fourier shell correlation (FSC) threshold6.27.510.4Map resolution range (Å)6−87.5−1010−15**Refinement**Initial model used (PDB code)3W5K3W5KModel resolution range (Å)6--87.5--10Map sharpening *B* factor (Å^2^)−150−200**Model Composition**Non-hydrogen AtomsProtein residues1,561947Ligands00**Root-Mean-Square Deviations**Bond lengths (Å)0.010.01Bond angles (°)2.231.71**Validation**MolProbity score2.562.05Clashscore41.8410.45Poor rotamers (%)0.000.00**Ramachandran Plot**Favored (%)93.5791.41Allowed (%)5.477.10Disallowed (%)0.961.48

Based on the subunit assignment, we fitted the crystal structure of Impβ ([@bib15]) and homology models of Imp7 and H1.0 into the cryo-EM densities ([Figures S3](#mmc1){ref-type="supplementary-material"}E--S3H). Impβ consists of 19 HEAT repeats and Imp7 of 20 HEAT repeats, as shown by multiple secondary structure predictions and homology models ([Figure S3](#mmc1){ref-type="supplementary-material"}I). Our biochemical assays and those of other groups show that the N-terminal part of Impβ interacts with the C-terminal end of Imp7 ([@bib5], [@bib35]; [Figure S4](#mmc1){ref-type="supplementary-material"}A). Therefore, we positioned Imp7 in an anti-parallel manner with respect to Impβ ([Figure 1](#fig1){ref-type="fig"}C). The orientation of Imp7 in the structure was further confirmed through chemical cross-links identified by mass spectrometry, where lysine side chains were linked through succinimide esters ([@bib32], [@bib39]; [Figures S4](#mmc1){ref-type="supplementary-material"}B and S4C; see also Mendeley Data: <https://doi.org/10.17632/dfjzx4sxrs.1>). Although most cross-links involved disordered regions, we obtained multiple lysine-lysine cross-links between Imp7, Impβ, and H1 that are consistent with the orientation of the components in the structure ([Figures S4](#mmc1){ref-type="supplementary-material"}B and S4C; see also Mendeley Data). The model for the H1.0 globular domain was fitted into the remaining α-helical density in a cradle formed by Impβ ([Figure 1](#fig1){ref-type="fig"}).

In both cryo-EM maps, the importins show a curved solenoid structure typical of the β-karyopherin family of proteins ([@bib17]; [Figure 1](#fig1){ref-type="fig"}). In the Impβ:H1.0 structure, the middle HEAT repeat region (comprising HEAT repeats 9--15) of Impβ is structurally nearly identical to that of Impβ in the Imp7:Impβ:H1.0 complex. In contrast, the N- and C-terminal HEAT repeat regions show greater flexibility and are in a more open conformation in the Impβ:H1.0 complex ([Figures S4](#mmc1){ref-type="supplementary-material"}D and S4E), indicating that binding of Imp7 to the Impβ complex rigidifies the structure.

Notably, six N-terminal HEAT repeats of Imp7 were visible only in a lower-resolution map obtained as an intermediate during the 3D classification ([Figure S4](#mmc1){ref-type="supplementary-material"}F). In the final map, these HEAT repeats are poorly visible, indicating a high degree of flexibility. This is consistent with our data and that of others showing that the N-terminal part of Imp7 is dispensable for complex formation ([@bib5], [@bib35]).

Impβ Binds the H1.0 Globular Domain {#sec2.2}
-----------------------------------

The H1.0 globular domain (H1.0g) is located in the cradle of Impβ (HEAT repeats 3--16) in both structures ([Figure 1](#fig1){ref-type="fig"}). The N- and C-terminal regions of Impβ come into close proximity (HEAT repeats 2 and 17) and surround the H1.0 globular domain ([Figures 1](#fig1){ref-type="fig"}E--1G and [S4](#mmc1){ref-type="supplementary-material"}E). Consistent with our structures, biochemical analysis shows that Impβ HEAT repeats 4--14 (residues 127--641) are required for H1 binding ([@bib65]). The cryo-EM structure reveals that the α2 helix of H1.0 interacts with Impβ HEAT repeat 3 and that the H1.0 α3 helix is in close proximity to Impβ HEAT repeats 13 and 14 ([Figures 1](#fig1){ref-type="fig"}F and 1G). Notably, the H1 binding site in Impβ overlaps with the RanGTP binding site ([@bib18], [@bib59]), which is consistent with RanGTP dissociating Impβ from the trimeric complex ([@bib35]; [Figure S4](#mmc1){ref-type="supplementary-material"}G).

The C-Terminal Tail of H1 Shapes the Imp7:Impβ:H1.0 Complex {#sec2.3}
-----------------------------------------------------------

In the cryo-EM map, we observed an additional density between the two importins and in the cradle of Imp7 that does not belong to the structured parts of the complex ([Figure 1](#fig1){ref-type="fig"}A). This density is more pronounced at a lower contour level and is generated by one or more disordered regions: (1) an ∼100-amino acid (aa) basic H1 C-terminal tail with a net charge of +40 (residues 97--194), (2) an ∼90-aa loop of Imp7 connecting HEAT repeats 19 and 20 with a net charge of --39 (residues 872--955), and (3) the last 40 aa of the Imp7 C-terminal tail ([Figures S3](#mmc1){ref-type="supplementary-material"}E and S3G). These disordered regions were assigned in the map with the help of cross-links detected by mass spectrometry. In cross-linking, aspartate and glutamate carboxy groups were activated to react directly with the primary amines of lysine side chains, also known as zero-length cross-links ([@bib32], [@bib39]). In our structure, we mapped the Imp7 and Impβ residues that cross-link and show direct interaction with ∼30 lysines in the H1.0 C-terminal tail ([Figures 2](#fig2){ref-type="fig"}A and [S5](#mmc1){ref-type="supplementary-material"}A; see also Mendeley Data). It is noteworthy that an individual lysine in H1.0 cross-links to multiple acidic residues in Imp7 and Impβ and that a single acidic residue in the importins cross-links to many lysines in H1.0 ([Figure 2](#fig2){ref-type="fig"}A). This indicates that, in different particles, different regions of H1 interact with importins. Our data show that the linker histone tail interactions do not require a defined binding site or specific residues. On the contrary, the H1.0 C-terminal tail remains disordered and can adopt multiple conformations, which explains why there is less defined density between HEAT repeats and in the cradle of importins. We observed that many Imp7 and Impβ residues preferentially cross-link to the N-terminal, middle, or C-terminal part of the H1.0 tail ([Figure S5](#mmc1){ref-type="supplementary-material"}A). Using this information, we mapped the regions in disordered density that are enriched in the N-terminal, middle, and C-terminal part of the H1.0 tail ([Figures 2](#fig2){ref-type="fig"}B and [S5](#mmc1){ref-type="supplementary-material"}B).Figure 2A Disordered Region of H1 Shapes the Imp7:Impβ:H1.0 Complex(A) Circular plot showing zero-length cross-links of the H1 C-terminal tail to Impβ and Imp7. Each Imp7 and Impβ residue cross-links to many lysines in the H1 C-terminal tail. The cross-links are shown in our Mendeley Data.(B) The disordered density in the cradle and between two importins was segregated based on the cross-linking and mass spectrometry data. The density in proximity to the importin residues that cross-link predominantly to the N-terminal part of the H1 C-terminal tail is shown in orange, the middle part in pink, and the C-terminal part in violet. Contour level, ∼0.025.(C) Close-up view of Imp7 HEAT repeat 20 and Impβ HEAT repeats 6 and 7. The N-terminal part of the H1 C-terminal tail inserts between the Impβ and Imp7 HEAT repeats and mediates interaction. The lysine-rich H1 tail interacts with the negatively charged residues (red) in the importins. Contour level, ∼0.025.(D) Acidic residues (red) in the inner loops of Impβ N-terminal HEAT repeats 1--6 interact with the middle and C-terminal parts of the H1 C-terminal tail. Contour level, ∼0.025.(E) Close-up view of Imp7 HEAT repeat 7 and Impβ HEAT repeats 18 and 19. The middle part of the H1 C-terminal tail inserts between the Impβ and Imp7 HEAT repeats and mediates interaction. The H1 tail interacts with the negatively charged residues (red) in the importins in the region. Contour level, ∼0.025.(F) The middle and C-terminal parts of the H1 C-terminal tail insert between Impβ HEAT repeats 11--17 and Imp7 HEAT repeats 7--12. The disordered H1 tail holds the two importins together.(G) The middle part of the H1 C-terminal tail is partially localized in the cradle formed by Impβ and Imp7. Contour level, ∼0.025.(H) Acidic residues (red) in the inner loops of Imp7 HEAT repeats 11--14 interact with the middle and C-terminal parts of the H1 C-terminal tail. Contour level, ∼0.025.See also [Figure S5](#mmc1){ref-type="supplementary-material"}.

The HEAT repeats of Imp7 and Impβ are in close proximity at two locations ([Figure S5](#mmc1){ref-type="supplementary-material"}C). The first such contact is between the inner helix of Imp7 HEAT repeat 20 and the loop connecting Impβ HEAT repeats 7 and 8 ([Figures 2](#fig2){ref-type="fig"}C and [S5](#mmc1){ref-type="supplementary-material"}D). The N-terminal part of the H1 C-terminal tail is localized near this contact. The highly positively charged H1 tail inserts between Impβ HEAT repeat 6 and Imp7 HEAT repeat 20, both of which contain several acidic residues ([Figure 2](#fig2){ref-type="fig"}C). This indicates that the H1 tail mediates interaction between Imp7 and Impβ and stabilizes the contact between the two importins. The middle and C-terminal parts of the H1 tail protrude along Impβ HEAT repeats 1--6. The inner loops of these HEAT repeats are negatively charged and bind the positively charged H1 tail, showing that Impβ serves as a transport receptor and a chaperone for the H1 tail ([Figure 2](#fig2){ref-type="fig"}D).

The second area of contact between Imp7 and Impβ HEAT repeats comprises the inner helix of Impβ HEAT repeat 19 and the loop of Imp7 HEAT repeat 7 ([Figures S5](#mmc1){ref-type="supplementary-material"}C and S5E). Near this interaction, we observed the density for the middle part of the H1 tail ([Figure 2](#fig2){ref-type="fig"}E). The H1 tail inserts between Impβ HEAT repeats 18--19 and Imp7 HEAT repeats 7--8, and it interacts with negatively charged amino acids in the region. The middle and C-terminal parts of the H1.0 tail extend along Impβ HEAT repeats 10--19 and Imp7 HEAT repeats 8--13, forming a large contact area between the two importins ([Figures 2](#fig2){ref-type="fig"}F and 2G). In this region, the inner loops of importins contain many negatively charged aa and bind the positively charged H1 C-terminal tail ([Figure 2](#fig2){ref-type="fig"}H). These nonspecific electrostatic interactions glue together two importins and define the structure and stability of the complex.

The results obtained from the cryo-EM structure and in previous studies ([@bib5]) agree with those of our biochemical assays. Imp7 binds the C-terminal tail of H1.0, whereas Impβ binds both the globular domain and the tail ([Figure 3](#fig3){ref-type="fig"}A). Imp7 also contains a large acidic loop between HEAT repeats 19 and 20, and this loop might chaperone the H1 tail located in the cradle that does not make direct contact with the structured part of the Imp7:Impβ complex ([Figure 2](#fig2){ref-type="fig"}G). To verify these findings, we replaced the acidic residues in the loop (aa 884--912 and aa 923--954) with a glycine-serine linker and generated the Imp7Δ2L mutant. Imp7Δ2L can still bind Impβ, indicating that the acidic loop is not essential for importin dimerization ([Figure S5](#mmc1){ref-type="supplementary-material"}F). In a competitive pull-down assay, however, H1.0 interacted much more strongly with the full-length Imp7 than with the Imp7Δ2L mutant, suggesting that the large Imp7 acidic loop binds H1.0 ([Figure 3](#fig3){ref-type="fig"}B).Figure 3The H1 C-Terminal Tail Stabilizes and Shapes Imp7:Impβ:H1.0(A) SDS-PAGE analysis of a pull-down experiment. His-tagged wild-type full-length H1.0 or its domains was used as bait to investigate H1 interaction with Imp7 and Impβ. H1g, H1 globular domain; H1C, H1 C-terminal domain; IN, input; E, elution; M, protein marker.(B) Results of a competition pull-down assay showing that Imp7 acidic loops contribute to H1 binding. His-H1.0 is bound to the nickel-nitrilotriacetic acid (Ni-NTA) resin. Equal amounts of Imp7 and the Imp7Δ2L were added to the assay. The Imp7Δ2L mutant lacks two acidic loops from the unstructured region between HEAT repeats 19 and 20. FT, flowthrough. A degradation product of Imp7Δ2L is labeled with an asterisk.(C) Cryo-EM map of the Imp7:Impβ complex lacking density for H1.0 resolved to 10.4 Å. Impβ is shown in yellow, and Imp7 is shown in blue. Contour level, ∼0.035.(D) Model of the Imp7:Impβ:H1.0 complex superimposed onto the Imp7:Impβ map. Impβ and H1.0 are shown in yellow and red, respectively. H1 is not bound by Impβ. Contour level, ∼0.035.(E) Model of the Imp7:Impβ:H1.0 complex superimposed onto the Imp7:Impβ map. Imp7 and Impβ are shown in blue and yellow, respectively. The N-terminal part of Imp7 is not visible. Imp7 adopts a different curvature. Contour level, ∼0.035.(F) TSA curves of the Imp7:Impβ:H1.0 and Imp7:Impβ complexes, showing that Imp7:Impβ:H1.0 is more stable than Imp7:Impβ.See also [Figure S5](#mmc1){ref-type="supplementary-material"}.

H1 Determines Complex Stability {#sec2.4}
-------------------------------

Our data show that H1.0 brings together Imp7 and Impβ and imply that the substrate is essential for the complex to adopt its structure. This suggests that the Imp7:Impβ dimeric complex might have a different conformation in the absence of bound cargo. Notably, in our cryo-EM data, we found a class that had a weaker density for the H1.0 globular domain. Further classification revealed a subclass in which the H1.0 globular domain is not bound to Impβ ([Figures 3](#fig3){ref-type="fig"}C and [S5](#mmc1){ref-type="supplementary-material"}G). As we used local angular searches for the classification, the overall orientation of the complex was preserved, enabling us to assign subunits. Although Impβ adopts a similar conformation, the density for Imp7 is weaker and incomplete in this class, indicating that Imp7 is loosely bound to Impβ in the absence of H1.0 ([Figures 3](#fig3){ref-type="fig"}C, 3D, and [S5](#mmc1){ref-type="supplementary-material"}H).

In the Imp7:Impβ complex, we observed two major contacts. The first is formed near the contact point in the trimeric complex and involves Imp7 HEAT repeat 20 and Impβ HEAT repeats 7--8. The second contact is formed between Imp7 HEAT repeats 11--12 and Impβ HEAT repeats 12--13. At both contact points, the importins adopt curvature in Imp7:Impβ that differs from that in the Imp7:Impβ:H1 complex ([Figure S5](#mmc1){ref-type="supplementary-material"}I). Moreover, the density for Imp7 HEAT repeats 1--9 and Impβ HEAT repeats 18 and 19 is missing in the Imp7:Impβ complex ([Figure 3](#fig3){ref-type="fig"}E). These HEAT repeats combine with the H1.0 tail to form the large interface between the two importins in Imp7:Impβ:H1.0 ([Figures 2](#fig2){ref-type="fig"}E, [S5](#mmc1){ref-type="supplementary-material"}C, and S5E), which is missing in Imp7:Impβ. The remaining Imp7 HEAT repeats, 10--19, are visible in our map but have different curvature in the absence of H1.0, indicating that the H1 tail is required for the trimeric complex to adopt its structure ([Figure 3](#fig3){ref-type="fig"}E). In conclusion, our data show that the linker histone is required for the formation of the interface between Imp7 and Impβ, underlining the importance of the H1 C-terminal tail for the architecture of the entire complex.

Consistent with the cryo-EM structure and biochemical observations, a thermal shift assay (TSA) ([@bib16]) showed that the Imp7:Impβ:H1.0 complex is more stable than the Imp7:Impβ complex ([Figure 3](#fig3){ref-type="fig"}F).

Taken together, our results show that the two importins interact through a large surface and form a cradle to bind and chaperone histone H1. Disordered regions of the substrate, i.e., the H1 C-terminal tail, mediate interactions with the transport receptors and are crucial for the shape and structure of the entire complex. Cross-linking and structural data show that the H1 C-terminal tail, although in a confined space, remains disordered in the complex and that the binding is achieved by many non-specific and transient electrostatic interactions.

The FxFG Motif in the Imp7 C Terminus Is Critical for Impβ Binding and H1 Import {#sec2.5}
--------------------------------------------------------------------------------

The third flexible region in the Imp7:Impβ:H1.0 complex is the C terminus of Imp7. The Imp7 C-terminal tail binds Impβ aa 203--362 and is essential for complex formation ([@bib35]). We noticed three highly conserved regions in the Imp7 tail, which suggests their functional role ([Figure 4](#fig4){ref-type="fig"}A). The first conserved region (R1) is rich in charged residues and is followed by the GGxxF motif (R2) and finally by the FxFG motif (R3) ([Figure 4](#fig4){ref-type="fig"}A), which is also found in FG-nucleoporins. FG-nucleoporins mediate interactions with the transport receptors and are critical for establishing the nuclear pore diffusion barrier. We hypothesized that the Imp7:Impβ interaction resembled the well characterized interaction between importins and FG-nucleoporins. The crystal structures show that phenylalanines from the nucleoporin FxFG motifs bind hydrophobic grooves on the convex side of Impβ, with major binding pockets between HEAT repeats 5--6 and 6--7 ([@bib6], [@bib7], [@bib40]; [Figure S6](#mmc1){ref-type="supplementary-material"}A). To test whether phenylalanine residues in the Imp7 C-terminal tail are important for Impβ binding, we mutated the FxFG motif in Imp7 and performed pull-down and gel shift assays with Impβ. Our results show that mutations of two phenylalanine residues in the FxFG motif (Imp7 F1028S and F1030S, R3 region) were sufficient to reduce the interaction with Impβ more than 7-fold ([Figures 4](#fig4){ref-type="fig"}B, 4C, [S6](#mmc1){ref-type="supplementary-material"}C, and S6D). Even a single mutation of a phenylalanine in the R2 region, Imp7 F1019S, reduced Impβ binding, underlining the importance of these residues for heterodimerization of Imp7 and Impβ ([Figures 4](#fig4){ref-type="fig"}B, 4C, [S6](#mmc1){ref-type="supplementary-material"}C, and S6D).Figure 4The FG Motif in the Imp7 C-Terminal Tail Is Essential for Interaction with Impβ(A) Sequence alignment of the disordered C-terminal tail of Imp7 (aa 996--1,038). Three conserved regions are labeled as R1, R2, and R3. F residues of the FxFG motif are indicated by black stars, conserved GG residues by white circles, and a following F residue by a black circle. The linker preceding the GG residues is indicated by a black dashed line. Conserved residues are highlighted in red. The alignment was generated with the ESPript server (<http://espript.ibcp.fr>).(B) Results of a pull-down experiment showing that conserved phenylalanines in Imp7 are essential for interaction with Impβ. Shown is SDS-PAGE analysis of the IN and E fractions of the pull-down experiment with the His-tagged wild-type and mutant Imp7 bound to the resin.(C) Quantification of three independent gel shift experiments showing Imp7 and Imp7 mutant binding to Impβ. The K~d~ for the Imp7/Impβ interaction was estimated from the binding curve. The K~d~ is 0.38 μM for wild-type Imp7, 2.89 μM for Imp7 F1028S and F1030S, and 1.22 μM for Imp7 F1019S.(D) Results of a pull-down experiment showing that conserved phenylalanines in the Imp7 C-terminal tail (Imp7C, aa 1,000--1,038) are essential for interaction with Impβ. Shown is SDS-PAGE analysis of the IN and E fractions of the pull-down experiment with the His-tagged wild-type and mutant Imp7 C-terminal tail bound to the resin. Nsp1_FG (497--608) is a construct containing five FG repeats from nucleoporin Nsp1, which can bind Impβ. Degradation products of Impβ and Imp7 are indicated by an asterisk.(E) Results of a pull-down experiment showing that the canonical FG-nucleoporin binding site in Impβ is essential for interaction with Imp7. SDS-PAGE analysis was performed of the IN and E fractions of the pull-down experiment with Impβ6M (Impβ L174S, T175A, I178D, E214A, F217A, and I218D) and resin-bound His-tagged Imp7, RanGTP, and H1.0. A degradation product of Impβ is indicated by an asterisk.(F) Results of a nuclear import assay in permeabilized HeLa S3 cells, using NT-495-labeled H1.0 in the presence of an energy-regenerating system, Impβ, and wild-type or mutant Imp7. In the images in the top row, cell nuclei are stained blue with DAPI. In the images in the bottom row, cells that take up NT-495-labeled H1 appear green.See also [Figure S6](#mmc1){ref-type="supplementary-material"}.

The high degree of conservation of two glycine residues in the GGxxF motif (R2 region) in the Imp7 C-terminal tail suggests their functional role ([Figure 4](#fig4){ref-type="fig"}A). Glycine residues permit greater flexibility of the adjacent aa, which might be necessary for the bulky phenylalanine residues to bind to the hydrophobic pockets in Impβ. Mutation of the glycine residues G1015A and G1016A strongly reduced Imp7 interaction with Impβ ([Figure 4](#fig4){ref-type="fig"}B), indicating that these residues are essential for Impβ binding.

The results of our pull-down assays show that the isolated Imp7 C-terminal tail (Imp7C, residues 1,000--1,038) is sufficient to bind Impβ ([Figure 4](#fig4){ref-type="fig"}D). Consistent with the results of our assay using the full-length Imp7, mutations F1019S, F1028S, and F1030S in the Imp7C peptide abolished the interaction with Impβ ([Figure 4](#fig4){ref-type="fig"}D). The G1015A and G1016A mutations, however, did not affect binding of the Imp7 C-terminal tail to Impβ, showing that the isolated tail is sufficiently flexible to interact with Impβ and that the two glycine residues are not required for the interaction ([Figure 4](#fig4){ref-type="fig"}D). When the C-terminal tail is incorporated into the bulky structural core of Imp7, these glycines become crucial to providing sufficient flexibility for the phenylalanines to reach the binding pocket in Impβ ([Figure S6](#mmc1){ref-type="supplementary-material"}B). Thus, the conserved phenylalanine residues in the Imp7 C-terminal tail are indispensable for Imp7:Impβ complex formation, whereas the two glycines preceding F1019 facilitate backbone motion for this region and enable the phenylalanine residues to have access to the Impβ binding site.

The Imp7:Impβ:H1.0 structure shows that C-terminal HEAT repeat 20 of Imp7 is located in close proximity of Impβ HEAT repeats 5--7, which are the primary interaction site for FG-nucleoporins ([@bib6]; [Figures 2](#fig2){ref-type="fig"}C and [S6](#mmc1){ref-type="supplementary-material"}B). To test whether the same pocket binds the Imp7 C-terminal tail, we mutated six aa that are crucial for FG-nucleoporin binding (L174S, T175A, I178D, E214A, F217A, and I218D) ([Figure S6](#mmc1){ref-type="supplementary-material"}A). The resulting Impβ6M mutant did not bind full-length Imp7, nor did it bind the isolated Imp7 C-terminal tail ([Figures 4](#fig4){ref-type="fig"}E and [S6](#mmc1){ref-type="supplementary-material"}E). Importantly, Impβ6M could bind H1.0, RanGTP, and Impα, indicating that the mutations did not affect the overall folding and interactions ([Figures 4](#fig4){ref-type="fig"}E and [S6](#mmc1){ref-type="supplementary-material"}E). In summary, our data indicate that Imp7 interaction with Impβ resembles the interaction between Impβ and FG-nucleoporins.

To further confirm the importance of conserved motifs in the Imp7 C-terminal tail, we studied the efficiency of H1.0 nuclear import by using digitonin-permeabilized human HeLa cells. Consistent with previous results ([@bib35]), our data show that both Impβ and Imp7 are required for H1.0 import ([Figures 4](#fig4){ref-type="fig"}F, [S6](#mmc1){ref-type="supplementary-material"}F, and S6G). Imp7 with a deleted C-terminal tail as well as Imp7 F1019S, F1028S and F1030S mutant proteins were deficient in H1.0 import into the nucleus. In addition, the Imp7 G1015A and G1016A mutant and the mutant with a deleted R1 motif (aa 1,000--1,014) also showed a defect in nuclear transport efficiency ([Figures 4](#fig4){ref-type="fig"}F and [S6](#mmc1){ref-type="supplementary-material"}G). These data show that the FG motif in the Imp7 C-terminal tail is required for Imp7:Impβ dimerization and for nuclear import of H1.

The FxFG Nucleoporins Cooperate with RanGTP to Promote Complex Disassembly {#sec2.6}
--------------------------------------------------------------------------

Our results suggested that a high local concentration of FxFG-nucleoporins on the nuclear side of the NPC might compete with Imp7 binding to Impβ and promote Imp7:Impβ dissociation. To test this possibility, we added an Nsp1 construct containing five FxFG repeats (Nsp1_FG) to the Imp7:Impβ complex ([Figure S6](#mmc1){ref-type="supplementary-material"}H). We observed that the Nsp1_FG construct dissociated Imp7:Impβ, leading to the formation of Impβ:Nsp1 and Imp7:Nsp1 complexes ([Figures 5](#fig5){ref-type="fig"}A). The FxFG repeats in Nsp1 bound with higher affinity to Impβ, which out-competes Imp7 and leads to disassembly of the complex ([Figure S6](#mmc1){ref-type="supplementary-material"}I). To mimic passage through NPC, we incubated the Imp7:Impβ:H1 complex with the Nsp1 FxFG repeats and RanGTP. Although the FxFG repeats by themselves were not sufficient to disassemble the trimeric complex, when combined with RanGTP, they promoted RanGTP-dependent disassembly of the complex ([Figure 5](#fig5){ref-type="fig"}B). Thus, our data indicate that FG-nucleoporins contribute to RanGTP-dependent disassembly of multimeric transport complexes.Figure 5The FG Repeats Promote RanGTP-Dependent Disassembly of Impβ:Imp7:H1(A) Results of a gel shift assay showing that the FG repeats from Nsp1 compete with Imp7 for the binding site in Impβ. FxFG repeats bind Imp7 (Imp7:Nsp1_FG) and Impβ (Impβ:Nsp1_FG), leading to disassembly of the Imp7:Impβ complex.(B) Results of a gel shift assay showing that the FG repeats from Nsp1 promote RanGTP-dependent disassembly of the Imp7:Impβ:H1 complex. RanGTP binds to Impβ, leading to disassembly of the trimeric complex. FxFG repeats promote RanGTP-dependent complex disassembly.See also [Figure S6](#mmc1){ref-type="supplementary-material"}.

Conservation of the FG-Motif in Other Transport Factors {#sec2.7}
-------------------------------------------------------

Similar to Imp7, RanBP8 (importin 8 \[Imp8\]) has been shown to form a heterodimer with Impβ ([@bib28]). Like Imp7, Imp8 contains conserved GGxxF and FxFG motifs at its C terminus ([Figure S7](#mmc1){ref-type="supplementary-material"}A). Analogous to Imp7, mutations in the FxFG repeat in Imp8 reduced its interactions with Impβ more than 10-fold ([Figures 6](#fig6){ref-type="fig"}A, 6B, [S7](#mmc1){ref-type="supplementary-material"}B, and S7C). By using ScanProsite ([@bib21]), we found FxF motifs and a preceding phenylalanine at the C-terminal end of Impα (importin α, Kapα) proteins ([Figure S7](#mmc1){ref-type="supplementary-material"}D). Impα binds nuclear localization signal (NLS)-containing cargo molecules and acts as an adaptor for Impβ through the Impβ-binding domain (IBB) ([@bib26]). Consistent with previous data, we showed that Impα binds Impβ, but the binding to the Impβ6M mutant was reduced more than 5-fold ([Figures 6](#fig6){ref-type="fig"}C, 6D, and [S7](#mmc1){ref-type="supplementary-material"}E). Moreover, mutations of the C-terminal FxF motif in Impα (F527S and F529S) reduced the interaction with Impβ 2-fold, showing that these residues in Impα contribute to the dimerization of the two importins and strengthen their interaction ([Figures 6](#fig6){ref-type="fig"}C, 6D, and [S7](#mmc1){ref-type="supplementary-material"}E). This suggests that Impα C-terminal phenylalanine residues near the FxF motif also contribute to interaction with Impβ, similar to the Imp7 tail.Figure 6The FG Motif Contributes to Dimerization of Several Importins(A) Results of a pull-down experiment showing that conserved phenylalanines in the Imp8 C-terminal tail are required for the interaction with Impβ. Shown is SDS-PAGE analysis of IN and E fractions of the pull-down experiment, with wild-type or mutant Imp8 binding to His-tagged wild-type Impβ.(B) Quantification of the results of three independent gel shift experiments, showing Imp8 and Imp8 mutant binding to Impβ. The K~d~ was estimated from the binding curve. The K~d~ is 0.19 μM for wild-type Imp8 and 1.72 μM for Imp8 F1028S and F1030S.(C) Results of a pull-down experiment showing that conserved phenylalanines in the Impα C-terminal tail (Impα F527S/F529S) contribute to the interaction with Impβ. Likewise, the mutations in the FxFG binding pocket of Impβ, Impβ6M, destabilize the interaction with wild-type Impα. Shown is SDS-PAGE analysis of IN and E fractions of the pull-down experiment with His-tagged wild-type and mutant Impβ.(D) Quantification of the results of three independent gel shift experiments showing Impα and Impα mutant binding to Impβ and the Impβ6M mutant. The K~d~ was estimated from the binding curve. The K~d~ is 0.62 μM for wild-type Impα and 0.92 μM for Impα F527S/F529S. The K~d~ for Impα binding to Impβ6M is 3.34 μM.(E) In the first step, the FG motif in the Imp7 C-terminal tail binds to Impβ, mimicking FG-nucleoporin interactions. The affinity of this complex for H1 in the cytoplasm is higher than that of individual importins because the complex can efficiently accommodate its charged C-terminal tail in the cradle and between the HEAT repeat motifs. At the same time, the disordered C-terminal tail of H1 stabilizes and shapes the complex structure. The Imp7:Impβ:H1 complex translocates through the NPC mainly via transient FG-nucleoporin:importin interactions. At the nuclear side of the NPC, Impβ dissociates from H1 by RanGTP binding and by competing FxFG-nucleoporin interactions. H1 is then transferred to nuclear chaperones.See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

Our data show that dimerization through the FG motif is a more general mechanism that involves many transport receptors and might also be used by other proteins.

Discussion {#sec3}
==========

Proteins smaller than 40 kDa commonly diffuse through the nuclear pore. However, when small proteins are highly charged, they require import receptors to pass through the NPC. These difficult cargoes, such as ribosomal proteins or histones, need to be shielded and protected from aggregation or premature unspecific interactions ([@bib36], [@bib42], [@bib43]). Some of these proteins are transported with the help of specific chaperones and single transport receptors, whereas others require two transport receptors ([@bib36], [@bib12]). In this study, we addressed the question of how such a combined transport and/or chaperone system assembled and transported these complicated cargoes through the NPC. Our work has revealed the first structure of two import receptors, Imp7 and Impβ, in a complex with the linker histone H1.0 as a cargo.

In the Imp7:Impβ:H1.0 complex structure, two importins are positioned side by side with a large interaction surface. The interface is established by HEAT repeats and by the intrinsically flexible C-terminal tail of H1, as reflected by the unstructured density located between the importins and in the concave cavity of the complex. The acidic residues in loops connecting HEAT repeats of the importins interact with the H1 C-terminal tail and protect it from aggregation, providing further evidence of the role of importins as chaperones for the linker histone tail. Similar patches of acidic aa are found in the other histone chaperones and are important for interaction with histones ([@bib63]). Imp7 has a long loop with the highest content of acidic residues among all human importins, making it suitable for transporting highly positively charged proteins such as histones and ribosomal proteins. A similar acidic loop is present in Imp8; however, the cargo of the dimeric Imp8:Impβ complex remains unknown ([@bib28]). Long loops with a high content of acidic residues are also found in Imp4, Imp9, and transportin-1, which import core histones and ribosomal proteins. This suggests that other importins transporting highly charged proteins use the same mechanism.

Although the H1 C-terminal tail shapes and stabilizes the complex, our data indicate that it remains disordered in the confined space of the complex. H1 binding is achieved by multiple nonspecific electrostatic interactions with acidic residues of two importins. A similar high-affinity fuzzy interaction was recently described for H1 and its chaperone prothymosin-α ([@bib13]). In the H1:prothymosin-α complex, interactions are completely disordered. In the Imp7:Impβ:H1.0 complex, however, fuzzy interactions are essential for the architecture of the complex. In the absence of H1, the Imp7:Impβ complex is highly flexible and is fully assembled with the help of the H1 C-terminal tail, which serves as a zipper that closes and stabilizes the structure.

Another disordered region, the Imp7 C-terminal tail, is required for the initial interaction between Imp7 and Impβ. The complex formation is triggered by insertion of the Imp7 C-terminal tail into the Impβ FG-nucleoporin binding surface located on its convex side. The Imp7:Impβ complex is, however, highly flexible and is only fully assembled with the help of the H1 C-terminal tail.

Our data suggest that a high concentration of FG motifs within the NPC might disassemble the Imp7:Impβ complex. H1 stabilizes the trimeric complex, which allows the transient and weakly interacting FG motif in Imp7 to rebind rapidly to Impβ. When the cargo is bound, the complex is more stable and can translocate through the NPC. On the nuclear side of the NPC, a high local concentration of FxFG repeats, nuclear RanGTP, and histone chaperones jointly promote complex dissociation and H1 transfer to the nuclear chaperones ([Figure 6](#fig6){ref-type="fig"}E).

X-ray structures of the scaffold Nups ([@bib3], [@bib9], [@bib24], [@bib54]) have shown that the NPC components share structural properties with the members of the karyopherin family. We have shown that a subset of transport factors contains an FxFG motif, a hallmark of FG-nucleoporins, which are intrinsically disordered proteins that undergo fuzzy interactions with transport factors themselves ([@bib33], [@bib41], [@bib47], [@bib52]). This points to an additional evolutionary connection between the stationary (NPC) and soluble (transport receptor) parts of the nucleocytoplasmic transport machinery.

In addition to nucleoporins, FG motifs are present in transmembrane proteins of the inner nuclear membrane and nuclear envelope ([@bib68]). It has been speculated that the role of these motifs is to facilitate the translocation of proteins into the inner nuclear membrane by interacting with FG-nucleoporins of the nuclear pore complex ([@bib68]). The results of our study suggests a possible general mechanism by which FG-containing proteins can recruit transport receptors or other proteins by mimicking importin:FG-nucleoporin interactions.

Our data reveal that the architecture and organization of the Imp7:Impβ:H1.0 complex are mediated by nonspecific charged interactions of the disordered region. Many other complexes might be structured in a similar way; that is, through transient electrostatic interactions of disordered regions.

STAR★Methods {#sec4}
============

Key Resources Table {#sec4.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Antibodies**Goat polyclonal anti-Importin 7AbcamRRID:[AB_302077](nif-antibody:AB_302077){#interref00120}; Lot: GR238864-11Rabbit polyclonal anti-NTF97/Importin betaAbcamRRID:[AB_944512](nif-antibody:AB_944512){#interref0125}; Lot: GR3206575-1Rabbit Anti-Goat IgG (H+L) Horseradish Peroxidase ConjugateBio-RadCat. \# 172-1034; RRID:[AB_11125144](nif-antibody:AB_11125144){#interref0130}Goat Anti-Rabbit IgG (H+L) Horseradish Peroxidase ConjugateBio-RadCat. \# 170-6515; RRID:[AB_11125142](nif-antibody:AB_11125142){#interref0135}**Bacterial and Virus Strains***E. coli* XL1-BlueNEBC2992*E. coli* Rosetta(DE3)Novagen/MerckCat. \# 70954-3**Chemicals, Peptides, and Recombinant Proteins**Ni Sepharose 6 Fast FlowGE HealthcareCat. \# 17-5318-01Glutathione Sepharose 4 Fast FlowGE Healthcare*Cat. \# 17-5132-01*Superdex 200 Increase column 10/30GE Healthcare*Cat. \# 28-9909-44*HiTrap Q Sepharose FFGE Healthcare*Cat. \# 17-5156-01*HiTrap SP FFGE Healthcare*Cat. \# 17-5054-01*PD-10 columnGE Healthcare*Cat. \# 17-0851-01*ThrombinSigma-Aldrich*Cat. \# T7513-50UN*TrypsinPromega*Cat. \# V5111*Lysyl endopeptidaseFUJIFILM Wako*Cat. \# 125-05061*R3.5/1 2nm carbon gridsQuantifoil*N/A*R2/1Quantifoil*N/A*(d0/d12) Bis\[sulfosuccinimidyl\] suberate (BS3)Thermo Fisher Scientific*Cat\# 21580***Critical Commercial Assays**Monolith Protein Labeling Kit BLUE-NHS (Amine Reactive)NanoTemper TechnologiesCat. \# MO-L003Alexa Fluor 488 Protein Labeling KitThermo Fisher ScientificCat. \# A10235Alexa Fluor 647 Microscale Protein Labeling KitThermo Fisher ScientificCat. \# A30009**Deposited Data**EM map and Atomic coordinates, Imp7:Impβ:H1.0Protein Data BankPDB: [6N88](pdb:6N88){#intref0015}EMD-0366EM map and Atomic coordinates, Impβ:H1.0Protein Data BankPDB: [6N89](pdb:6N89){#intref0020}EMD-0367EM map, Imp7:ImpβProtein Data BankEMD-0368**Oligonucleotides**Primers for Imp7C (aas 1000--1038)metabionN/A676F: 5′-GATCAGAGGCGGGCAGCAC-3′382R: 5′-GGATCCGGGCCCCTGGAA-3′Primers for Imp7 ΔC (aas 1--999)metabionN/ApETDuet_avr_f: 5′-CCTAGGCTGCTGCCACC-3′678R: 5′-TTATGCCAGTGTAGCGATGTCTTG-3′Primers for Imp7 F1028S F1030SmetabionN/A677F: 5′-CAAGTACGTCTAATTCCGGCAACCCG-3′677R: 5′-GCACGACTGGGGCGTTGAAT-3′Primers for Imp7 F1019SmetabionN/A823F: 5′-GGATTTGTAGCCTCCGTG-3′823R: 5′-AACGCCCCAGTCGTG-3′Primers for Imp7 GG1015AAmetabionN/A824F: 5′-GCATACAAATTCAACGCC-3′824R: 5′-ATGATCGAGAAACACGCT-3′Primers for Imp7 Δ aas 1000--1014metabionN/A826F: 5′-GGAGGCTACAAATTCAACG-3′826R: 5′-CATCGCTACACTGGCA-3′Primers for Imp7 Δ aas 884--912 replaced with SGGSGGmetabionN/A679F: 5′-CAGGAGGCCAGGAGTACCTGGAGATTTTAG-3′679R: 5′-GCCTCCTGAGTTCTCTTGCTCTGCATGG-3′Primers for Imp7 Δ aas 923--954 replaced with SGGSGGmetabionN/A680F: 5′-CAGGAGGCCCTATTGATGAATATCAGATATTT-3′681R: 5′-GCCTCCTGAGGCCTGTTTGGCTAAAAT-3′Primers for Impβ I178D L174S and T175A (forImpβ6M)metabionN/A774F: 5′-GCTGCCATAGACCAGGGGA-3′774R: 5′-CGAAATCTCATTGGATTTATCTTG-3′Primers for Impβ E214A F217A I218D (Impβ6M)metabionN/A775F: 5′-CTGATATGCAGGTGGTCTGTG-3′775R: 5′-CGTGCCTTGCAGACTCTTTATC-3′Primers for *Sc*Nsp1 aa 497-608, FF5 (BamHI/*Xho*I)metabionN/A780F: 5′-CATGGATCCACTAAATCGAATGAAAAAAAG-3′780R: 5′-CTTCTACGGGGAAGTCATAACTCGAG-3′Primers for HRV-3C site removalmetabionN/A688F: 5′-TTCCAGGGGCCCGGATC-3′687R: 5′-CCGCGGACCAATCTGTTCT-3′Primers for Imp8 F1028S F1030SmetabionN/A1219F: 5′-CTCCGCA TCT AAT TCC GGGACTGTG-3′1219R: 5′-AGGACTCCTTTGTTTTCAAAGGTG-3′Primers for Kapα F527S F529SmetabionN/A1237F: 5′-GCTCCTGGGACCTCTAACTCCTAG-3′1237R: 5′-CCCATCCTGAACTTGGAAAGTG-3′**Recombinant DNA**Plasmid pETDuet-1 + 6His-SUMO-ImpβThis paper918Plasmid pETDuet-1 + 6His-SUMO-Impβ6MThis paper922Plasmid pETDuet-1 + 6His-7Arg-SUMO-Imp7This paper924Plasmid pETDuet-1 + 6His-7Arg-SUMO-Imp7Δ2L (Δ aas 884--912 and 923-954, replaced with SGGSGG linkers)This paper934Plasmid pETDuet-1 + 6His-7Arg-SUMO-Imp7ΔC (aas 1--999)This paper931Plasmid pETDuet-1 + 6His-7Arg-SUMO-Imp7 F1028S F1030SThis paper930Plasmid pETDuet-1 + 6His-7Arg-SUMO-Imp7 F1019SThis paper936Plasmid pETDuet-1 + 6His-7Arg-SUMO-Imp7 G1015A G1016AThis paper938Plasmid pETDuet-1 + 6His-7Arg-SUMO-Imp7Δaa1000--1014This paper942Plasmid pETDuet-1 + 6His-7Arg-SUMO-Imp7C (aas 1000--1038)This paper927Plasmid pETDuet-1 + 6His-7Arg-SUMO-Imp7C F1028S F1030S (aas 1000--1038)This paper929Plasmid pETDuet-1 + 6His-7Arg-SUMO-Imp7C F1019S (aas 1000--1038)This paper937Plasmid pETDuet-1 + 6His-7Arg-SUMO-Imp7C G1015A G1016A (aas 1000--1038)This paper939Plasmid pGEX-4T-1 + H1.0-6HisThis paper945Plasmid pETDuet-1 + 6His-SUMO-H1.0g (aas 1--95)This paper947Plasmid pETDuet-1 + 6His-SUMO-H1.0g (aas 96--194)This paper950Plasmid pETDuet-1 + 6His-SUMO-Sc_Nsp1 (FF5, aas 497--608)This paper; [@bib6]952Plasmid pGEX-4T-3 + Imp8[@bib60][1138](mi:1138){#intref0025}Plasmid pGEX-4T-3 + Imp8 F1028S/F1030SThis paper[1140](mi:1140){#intref0030}Plasmid pGEX-4T-3 + Impα[@bib60][1153](mi:1153){#intref0035}Plasmid pGEX-4T-3 + Impα F527S/F529SThis paper[1155](mi:1155){#intref0040}Plasmid pETDuet-1 + 6His-SUMO-Imp8This paper[1141](mi:1141){#intref0045}Plasmid pETDuet-1 + 6His-SUMO-Imp8 F1148S/F1150SThis paper[1143](mi:1143){#intref0050}Plasmid pETDuet-1 + ImpαThis paper[1159](mi:1159){#intref0055}Plasmid pETDuet-1 + Impα F527S F529SThis paper[1161](mi:1161){#intref0060}**Software and Algorithms**EMAN2[@bib55]N/AXMIPP[@bib50]N/AUnblur[@bib29]N/ACTFFIND4[@bib48]N/ARelion 2.0[@bib49]N/AHHpred[@bib51]N/AMODELER[@bib64]N/AUCSF Chimera[@bib45]N/ACOOT[@bib22]<https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/>Phenix[@bib2]<https://www.phenix-online.org>Prism5GraphPad<https://www.graphpad.com/>xQuest[@bib62]N/A

Contact for Reagent and Resource Sharing {#sec4.2}
----------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mario Halic (<mario.halic@stjude.org>).

Method Details {#sec4.3}
--------------

### Cloning Procedures {#sec4.3.1}

The *Homo sapiens* gene encoding Impβ was amplified from cMarathon DNA by PCR and cloned into the modified pETDuet vector containing a 6xHis-SUMO tag followed by an HRV-3C recognition site. For technical reasons, we used the *Xenopus laevis* gene encoding Imp7 and not the corresponding *H. sapiens* gene (the two genes have 92.5% identity and 97.2% similarity). The *X. laevis* gene encoding Imp7 was cloned into a modified pETDuet vector containing a 6xHis-6xArg-SUMO tag followed by a HRV-3C recognition site (the original plasmid containing the gene for Imp7 was a gift from K. Ribbeck). The *H. sapiens* gene encoding histone H1.0 was cloned from genomic DNA into an in-house--modified version of the pGEX-4T-1 plasmid to yield a GST tag followed by an HRV-3C recognition site at the N terminus and a 6xHis tag at the C terminus of H1.0. pGEX plasmids containing genes encoding the *H. sapiens* Imp8 and Kapα proteins were a gift from Yuh Min Chook. Imp8 and Kapα were additionally pre-cloned into a pETDuet vector containing a 6xHis-6xArg-SUMO tag followed by an HRV-3C recognition site by using BamHI/*Not*I and BamHI/*Xho*I restriction enzymes, respectively. All mutant constructs were made by inverse PCR (iPCR) using plasmids that contained the gene for the full-length protein ([@bib58]). For the pull-down assays, the HRV-3C protease recognition site was removed from Imp7 and its mutants by using iPCR to prevent any unspecific cleavage. The *Saccharomyces cerevisiae* Nsp1 fragment (aa 497--608, Nsp1 FF5 containing five FxFG repeats; [@bib6]) was cloned from genomic DNA into an in-house--modified pETDuet vector containing 6xHis-SUMO tag at the N terminus followed by an HRV-3C recognition site.

### Protein expression and purification {#sec4.3.2}

Each of the proteins was individually expressed and purified. Transformed *E. coli* cells (Rosetta strain) were grown in LB medium (with ethanol, 1% final concentration) at 37°C until the OD~600nm~ reached 0.5--0.6. The temperature was then lowered to 18°C and after 30 min, cells were induced with 0.4 mM IPTG. After an overnight induction, cells were collected by centrifugation (4000 rpm for 10 min at 4°C). Pelleted cells that contained His-tagged proteins were resuspended in lysis buffer (50 mM sodium phosphate pH 8.0, 500 mM NaCl, 20 mM imidazole, 10% glycerol (v/v), 3 mM β-mercaptoethanol and 0.1 mM PMSF). After being lysed with a French press, the disrupted cells were centrifuged for 20 min at 17,000 rpm, 4°C. The cleared supernatant was mixed and incubated for 20 min at 4°C with Ni Sepharose 6 Fast Flow resin (GE Healthcare) pre-equilibrated in lysis buffer. The resin with bound His-tagged protein was washed thoroughly in batches with the lysis buffer and then transferred to a disposable column (Pierce). The column was washed with 4 bed volumes of wash buffer (50 mM sodium phosphate pH 8.0, 500 mM NaCl, 40 mM imidazole, 10% glycerol (v/v), 3 mM β-mercaptoethanol and 0.1 mM PMSF) and the protein was eluted with 5 bed volumes of elution buffer (50 mM sodium phosphate pH 8.0, 50 mM NaCl, 300 mM imidazole, 10% glycerol (v/v), 3 mM β-mercaptoethanol and 0.1 mM PMSF).

The presence of the 6xArg-tag on Imp7 enabled its further purification on a cation exchange column ([@bib9]). After being eluted from the Ni-NTA resin, Imp7 was diluted to a salt concentration of approximately 100 mM and then quickly loaded onto a HiTrap SP HP column. The purest fractions were collected, the salt concentration was adjusted to 300 mM and HRV-3C protease was added at a 1:100 ratio. After an overnight incubation at 4°C, the sample salt concentration was increased to 600 mM NaCl. The sample was concentrated and loaded onto a size-exclusion chromatography Superdex 200 Increase 10/30 column (GE Healthcare), pre-equilibrated in buffer containing 15 mM HEPES/NaOH pH 7.5, 600 mM NaCl and 1 mM DTT. The cleanest fractions were pooled and concentrated.

Impβ, first purified using affinity chromatography (Ni-NTA), was loaded onto a HiTrap Q Sepharose FF (GE Healthcare) ion exchange column. The purest fractions were pooled and dialyzed over-night at 4°C with HRV-3C protease (1:100 ratio) in a buffer containing 15 mM HEPES/NaOH pH 7.5, 150 mM NaCl and 1 mM DTT. The protein was concentrated and loaded onto a size-exclusion chromatography Superdex 200 Increase 10/30 column (GE Healthcare) pre-equilibrated in buffer containing 15 mM HEPES/NaOH pH 7.5, 150 mM NaCl and 1 mM DTT. The cleanest fractions were pooled and concentrated.

H1.0 does not elute from the Ni-NTA resin if the buffer has a high imidazole concentration and a low salt concentrations (50 mM NaCl) ([@bib34]). Therefore, this step was used as an additional washing step that prevented subsequent protein precipitation. The elution fraction (50 mM sodium phosphate pH 8.0, 500 mM NaCl, 300 mM imidazole, 10% glycerol (v/v), 3 mM β-mercaptoethanol and 0.1 mM PMSF) was diluted to a salt concentration of 200 mM NaCl and quickly loaded onto a HiTrap SP FF ion exchange column. The fractions containing the protein were pooled and diluted to a 300 mM NaCl concentration. HRV-3C protease was added at a 1:50 ratio and the sample was incubated overnight at 4°C. To remove the GST-tag, the sample was diluted and again loaded onto a HiTrap SP HP ion exchange. Clean protein fractions were pooled and concentrated using Amicon Ultra-15 centrifugal filters.

Clarified cell lysates containing GST-Imp8 or GST-Kapα proteins in PBS buffer with PMSF were mixed with Glutathione Sepharose 4 Fast Flow resin (GE Healthcare) and incubated for 30 min at 4°C. The resin with bound GST-tagged proteins was washed in batches three times with 5 bed volumes of PBS buffer and then transferred to a disposable column (Pierce). The proteins were eluted with 3 bed volumes of buffer containing 50 mM Tris pH 8.0 and 20 mM reduced glutathione. Immediately after elution proteins were dialyzed into buffer containing 15 mM HEPES pH 7.5, 300 mM NaCl and 1 mM DTT. The GST tag was removed by diluting the proteins to a concentration of around 1 mg/mL in cleavage buffer (50 mM Tris pH 8.0, 150 mM NaCl and 10 mM CaCl~2~), adding 1 U of thrombin per 100 μg of protein, and incubating the mixture at room temperature for 1--2 h.

### Complex assembly and cross-linking {#sec4.3.3}

Purified Imp7, Impβ and H1.0 were mixed in 1:1:1.2 ratio and incubated for 30 min on ice. The complex was isolated on a size-exclusion Superdex 200 Increase 10/30 column (GE Healthcare) equilibrated in 15 mM HEPES/NaOH pH 7.5, 150 mM NaCl and 1 mM DTT. Single peak fractions were analyzed on SDS-PAGE and collected. The complex (0.25 mg/mL) was cross-linked by adding 2.3% glutaraldehyde to a final concentration of 0.1% and incubating the mixture for 2 min at 37°C. The reaction was stopped by adding 1 M Tris/HCl pH 8.0 (150 mM final concentration). Cross-links were checked by 7% SDS-PAGE and then desalted on a disposable PD-10 column (GE Healthcare). To remove any higher order cross-links and aggregates, the sample was run again on a size-exclusion Superdex 200 Increase 10/30 column and concentrated.

### Electron microscopy sample preparation {#sec4.3.4}

For negative stain analysis the cross-linked sample was diluted in size-exclusion buffer to around 0.2 mg/mL. A 3.5 μL aliquot of the sample was loaded onto a freshly glow discharged thin carbon-coated grid (Quantifoil R3.5/1 with a 2 nm carbon coating), incubated for 45 s at room temperature and washed with six drops of size-exclusion buffer. The grid was then stained with a drop of 2% uranyl-acetate for 15 s and dried on a filter paper.

For cryo-EM grids, the cross-linked complex was diluted to around 0.4 mg/ml. Four microliters of the sample were loaded on a previously glow discharged holey carbon (Quantifoil R2/1) grid. After 1 s of blotting time, grids were plunge frozen in liquid ethane by using a Leica EM GP-Automatic Plunge Freezer. The temperature in the chamber was kept at +15°C and the humidity at 95%.

### EM data collection and processing {#sec4.3.5}

Image acquisition of negative stain data was performed with a Titan HALO transmission electron microscope (FEI) operating at 300kV. Random conical tilt data were collected at 0° and 40°. Particle pairs (2721) were picked manually using the EMAN2 e2RCTboxer tool ([@bib55]). Untilted particles were aligned and classified using EMAN2. The random conical tilt reconstruction was calculated from different classes and subsequently refined with the single particles using EMAN2.

The cryo-EM data (∼1250 micrographs) were collected on a Titan Krios with a Gatan Summit K2 electron detector (NeCEN, Leiden, the Netherlands) and analyzed as described ([@bib10], [@bib11]). The image pixel size was 1.36 Å per pixel on the object scale. Data were collected in a defocus range of 10,000 -- 40,000 Å with a total exposure of 80 e/Å2. Sixty frames were collected and aligned with the Unblur software package by using a dose filter ([@bib29]). Several thousand particles were manually picked and carefully cleaned in XMIPP ([@bib50]) to remove inconsistent particles. The resulting useful particles were then used for semi-automatic and automatic particle picking in XMIPP. The contrast transfer function parameters were determined using CTFFIND4 ([@bib48]). The 2D class averages were generated with the RELION software package ([@bib49]). Inconsistent class averages were removed from further data analysis. The 3D refinements and classifications were subsequently performed in RELION. Imp7:Impβ classification was performed with local angular searches, keeping the complex orientation consistent with that for Imp7:Impβ:H1. All final refinements were done in RELION using the auto-refine option. The initial reference was filtered to 60 Å in RELION. Particles were split into two datasets and refined independently, and the resolution was determined using the 0.143 cut-off (with the RELION auto-refine option). Local resolution was determined with RELION 2.0. All maps were filtered to local resolution using RELION 2.0 with a B-factor determined by RELION.

The templates for modeling Imp7 and H1.0 were obtained from homologous proteins through the HHpred homology detection software. Secondary structure predictions for Imp7 HEAT-repeat elements are highly similar for all obtained templates ([Figure S3](#mmc1){ref-type="supplementary-material"}I). We used 1WA5 (chain C), which had the best score and the longest target length, as the template for the MODELER software to obtain a structural model for Imp7. The same approach was used to obtain the H1.0 structural model. Based on the target length, we used 5NL0 as a template to obtain the H1.0 structural model.

Molecular models were built manually, first by inserting individual HEAT repeats, and then by building loops where possible using Coot ([@bib22]). Rigid-body real-space refinement was performed in Phenix ([@bib2]). The UCSF Chimera software package was used for rigid-body fitting of models ([@bib45]). Visualization of all cryo-EM maps was performed with Chimera.

### Pull-down assay {#sec4.3.6}

For pull-down assays, 10 μg of purified protein was mixed with 10 μg of His-tagged protein and incubated at room temperature. The sample was then diluted with pull-down buffer (50 mM sodium phosphate pH 8.0, 150 mM NaCl, 20 mM imidazole) to a final volume of 200 μL. The mixture (180 μL) was added to 60 μL of 50% Ni Sepharose 6 Fast Flow slurry equilibrated in pull-down buffer and incubated in a thermoblock for 30 min at 25°C with shaking at 900 rpm. After incubation, the supernatant was separated by centrifugation, at 4000 rpm for 3 min and the resin was washed three times with 200 μL of the pull-down buffer. Proteins bound to the resin were eluted with 30 μL of buffer containing 50 mM sodium phosphate pH 8.0, 150 mM NaCl and 400 mM imidazole. Aliquots of 15 μL of the initial mixture and eluate were analyzed by SDS-PAGE. Each pull-down experiment was repeated three times.

### Nuclear import assay {#sec4.3.7}

Purified human H1.0 was labeled with the NT-495 fluorescent dye by using a MO-L003 Monolith Protein Labeling Kit BLUE-NHS (Amine Reactive), NanoTemper Technologies. The nuclear import assay was performed according to the published protocol ([@bib14]) with some minor adjustments. HeLa S3 cells were grown to 80% confluence in 8 well μ-Slides (ibidi GmbH) or 16 well plates in DMEM medium with 10% (v/v) fetal bovine serum and 1% (w/v) penicillin/streptomycin. The medium was then removed and the cells were washed three times with 200 μL of cold transport buffer (TB) containing 20 mM HEPES/NaOH pH 7.4, 110 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, 2 mM DTT, 0.1 mM PMSF and 1 μg/mL each of leupeptin, pepstatin, and aprotinine. Cells were permeabilized with 0.005% digitonin for 5 min then again washed three times with TB. Next, 1 mL of fresh, cold TB or WGA was added and the cells were incubated for 15 min at room temperature. To remove all of the cytosol, cells were washed a further five times with 1 mL of TB. After washing, 50 μL of the import reaction mix (0.4 μM ND-495 H1.0, 0.3 μM Impβ, 0.3 μM Imp7, 1 μM NTF2, 1 mM ATP, 0.1 mM GTP, 1 mg/mL CP, 15 U/mL CPK and if used 0.8 mg/mL WGA) was added to the cells and incubated for 30 min at room temperature. As negative controls, reaction mixtures without importin receptors, energy suppliers, and both were used. After incubation, cells were again washed three times with 200 μL TB, stained with DAPI (300 nM) and then inspected under the fluorescent microscope. The experiment was repeated three times. Fluorescence quantification was measured using ImageJ software as described previously ([@bib61]). All visible cells from an acquired image (50--150 cells) were scored into the following categories: N \> C (more H1.0 in the nucleus than in the cytoplasm), N = C (an equal distribution of H1.0 between nucleus and cytoplasm), and N \< C (more H1.0 in the cytoplasm than in the nucleus).

### Native gel-shift assays {#sec4.3.8}

Impβ and H1.0 were labeled with fluorescent Alexa488 and Alexa647 dyes by using the Alexa Fluor 488 Protein Labeling Kit and the Alexa Fluor 647 Microscale Protein Labeling Kit (Thermo Fisher Scientific), respectively. The Imp7:Impβ:H1.0 and Imp7:Impβ complexes were isolated by size-exclusion chromatography (Superdex 200 Increase 10/30 column \[GE Healthcare\]). After isolation, 0.5--1 μg of the Imp7:Impβ complex was mixed with increasing amounts of Nsp1_FG (10, 30 and 60 μg) in buffer containing 50 mM NaCl and 15 mM HEPES pH 7.5 (the final volume of the reaction was 15 μL). Imp7:Impβ:H1.0 (0.5--1 μg) was mixed with Nsp1_FG, RanGTP, or both and incubated for 2 h at 37°C. Native loading dye was then added to the samples, and they were loaded onto a 4%--20% Mini-PROTEAN-TGX Gel (Bio-Rad). The running buffer contained 25 mM Tris and 192 mM glycine, pH 8.2, and the gels were run for 2--3 h at 4°C and 120 V. For visualization, gels containing fluorescently labeled samples were scanned using the Typhoon imaging system (GE Healthcare). To visualize non-labeled proteins, native gels were then electroblotted onto PVDF membranes (GE Healthcare). Membranes were blocked with 5% milk in PBS buffer with 0.1% v/v Tween (PBS-T) overnight at 4°C. Immunoblotting was performed with the goat polyclonal antibody anti-Importin 7 (ab15840, Abcam) and rabbit polyclonal antibody anti-NTF97/Importin beta (ab45938, Abcam). All antibodies were used at dilutions recommended by the suppliers. Immunoblots were detected using horseradish peroxidase (HRP)-conjugated secondary antibodies (Bio-Rad) and enhanced chemiluminescence (Thermo Scientific). The resulting western blot images were scanned using an Amersham Imager 600 (GE Healthcare).

For affinity measurements, Impβ and Impβ6M labeled with fluorescent Alexa 488 dye were used. Reaction mixtures (15 μL in volume) were assembled on ice, with increasing concentrations of non-labeled protein, whereas the concentration of Impβ/Impβ6M was unchanged. The reactions were incubated for 2 h on ice and then loaded onto 4%--20% gradient acrylamide gels. The gels were run for 2 h at 4°C and 120 V and scanned using the Typhoon imaging system (GE Healthcare). To quantify the decrease in the Impβ/Impβ6M fluorescent signal, Quantity one 1-D Analysis Software (Bio-Rad) was used. The data obtained were fitted using non-linear regression in GraphPad Prism software. Affinity measurements were performed in triplicate.

### Chemical cross-linking and mass spectrometry {#sec4.3.9}

The Imp7:Impβ:H1.0 complex was cross-linked by using an equimolar mixture of isotopically labeled (d0/d12) BS3 (bis\[sulfosuccinimidyl\] suberate) (Creative Molecules) for 30 min at 30°C. The reaction was quenched by adding ammonium bicarbonate to a final concentration of 100 mM for 10 min. Another sample of the complex was cross-linked by using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) (Sigma Aldrich), a reagent that couples carboxylic acids to the primary amine of lysines. Cross-linking was performed using 40mM DMTMM for 6 min at 35°C. The reaction was stopped by buffer exchange using a desalting column (Thermo Scientific) equilibrated with PBS, followed by the addition of ammonium bicarbonate. Cross-linked samples were denatured by adding 2 sample volumes of 8 M urea, reduced with 5 mM TCEP (Thermo Scientific), and alkylated by adding 10 mM iodoacetamide (Sigma-Aldrich) and incubating them for 40 min at room temperature in the dark. A digestion was performed with lysyl endopeptidase (Wako) (1:50 w/w) for 2 h, and this was followed by a second digestion with trypsin (Promega) (1:50 ratio) at 35°C overnight. Proteolysis was stopped by adding 1% (v/v) trifluoroacetic acid (TFA). Cross-linked peptides were purified by reversed-phase chromatography using C18 cartridges (Sep-Pak, Waters) and enriched on a Superdex Peptide PC 3.2/30 column (300 × 3.2 mm). Fractions of the cross-linked peptides were analyzed by liquid chromatography coupled to tandem mass spectrometry using an LTQ Orbitrap Elite instrument (Thermo Scientific) ([@bib32]). Cross-linked peptides were identified using xQuest ([@bib62]). The results from BS3 cross-linking were filtered with an MS1 tolerance window of −4 to 4 ppm, score ≥ 22, and were manually validated. Identifications of zero-length cross-links were filtered using the following parameters: MS1 tolerance window of −3 to 3 ppm, min delta score ≤ 0.85 and score ≥ 22 followed by manual validation.

Data and Software Availability {#sec4.4}
------------------------------

### Data resources {#sec4.4.1}

The accession numbers for the Imp7:Impβ:H1.0 and Impβ:H1.0 atomic coordinates have been deposited in the PDB: [6N88](pdb:6N88){#interref0105} and [6N89](pdb:6N89){#interref0110}. The Imp7:Impβ:H1.0, Imp7:Impβ and Impβ:H1.0 cryo-EM maps have been deposited in the EMDB: EMD-0366, EMD-0367 and EMD-0368, respectively. The original data are deposited to <https://doi.org/10.17632/dfjzx4sxrs.1>.

Supplemental Information {#app2}
========================

Document S1. Figures S1--S7Document S2. Article plus Supplemental Information

We thank Elena Conti for providing access to the cryo-EM facility at the Max Planck Institute of Biochemistry, where the negative stain and initial cryo-EM data were collected, and we especially thank Mike Strauss for support with data acquisition. We acknowledge support from and use of the resources of Instruct-ERIC. Instruct provided data collection at the cryo-EM facilities at CEITEC (Brno, Czech Republic) and NeCEN (Leiden, the Netherlands). We thank Martin Turk for making and inspecting the initial negative stain grids of individual importins and the complex, and we thank Sigrun Jaklin and Carlos Rojas Cordova for help with experiments. We would like to thank Ilaria Ugolini, Thomas Becker, Marija Luic, and Joseph Bartho for comments on the manuscript. We also thank Keith A. Laycock, Ph.D., ELS, for scientific editing of the manuscript. N.I. has received funding from the European Union Seventh Framework Program (FP7 2007-2013) under grant agreement 291823 Marie Curie FP7-PEOPLE-2011-COFUND (The New International Fellowship Mobility Programme for Experienced Researchers in Croatia -- NEWFELPRO project under grant agreement 26). This work was supported by ERC-smallRNAhet-309584 to M.H.

Author Contributions {#sec5}
====================

S.B. initiated and designed the project. N.I. planned and performed the biochemical experiments. M.P., V.S.-M., and F.H. performed cross-linking mass-spectrometry. N.I., S.B., and M.H. performed electron microscopy and analyzed the data. N.I. built the model. S.B. advised on all aspects of the project. and N.I., S.B., and M.H. wrote the paper.

Declaration of Interests {#sec6}
========================

The authors declare no competing financial interests.

Supplemental Information can be found with this article online at [https://doi.org/10.1016/j.molcel.2019.01.032](10.1016/j.molcel.2019.01.032){#intref0085}.

[^1]: Lead Contact
